Thermal electrical resistivity, magnetic hysteresis and magneto-impedance behaviour of melt spun and annealed Co 71−X Fe X Cr 7 Si 8 B 14 (X = 0, 2, 3.2, 4, 6, 8 and 12 at.%) were investigated. The addition of Fe in the system changed crystallization as well as the magnetic properties of the materials. The alloy containing 6 at.% Fe showed an increase in resistivity during the first crystallization process. A TEM micrograph indicated the formation of nanostructure during the crystallization process. The GMI properties of the alloys are evaluated at a driving current amplitude of 5 mA and a frequency of 4 MHz. The two-peak behaviour in the GMI profile was observed for all the samples. It is found that the alloy with 4 at.% Fe has the maximum GMI ratio because of the nearly zero magnetostriction value of the sample. About 62% change in the GMI ratio was observed in the alloy with 4 at.% Fe when annealed at 673 K. The anisotropy field was also minimum for the annealed alloy. The results were explained by the formation of directional ordering and the reduction of the magnetostriction constant of the alloy due to nanocrystallization during the annealing process.
Introduction
The giant magneto-impedance (GMI) effect is the large variation of impedance in soft magnetic materials by a small dc magnetic field in the presence of a relatively high frequency ac driving field [1] [2] [3] . The electromagnetic origin of the GMI effect has been attributed to the combination of the skin effect and the field dependence of the transverse magnetic permeability associated with the driving current along the ribbon axis. The effect is very sensitive to the composition, shape and annealing condition of the alloys. The GMI effect is mostly observed in soft ferromagnetic alloys [4] and hence a potential candidate for GMI based magnetic sensors [5, 6] . By changing the Fe contents in CoFe-based amorphous alloy systems, the magnetostriction can be changed from −0.8 × 10 −6 to +4.0 × 10 −6 [7] . In this paper the influence of a small addition of Fe in the CoCrSiB system on the magnetic and GMI behaviour of melt spun Co 71 Cr 7 Si 8 B 14 (X = 0, 2, 3.2, 4, 6, 8 and 12 at.%) ribbons has been studied. 1 Author to whom any correspondence should be addressed.
The study has been extended to the samples annealed below crystallization temperature. Cr has been added to the system to enhance the corrosion resistance properties of the materials.
Experiment
Amorphous materials of nominal composition of Co 71−X Fe X Cr 7 Si 8 B 14 (X = 0, 2, 3.2, 4, 6, 8 and 12 at.%) prepared in the form of ribbons by a rapid solidification technique were used for the experiments. The size of the sample used for the MI measurements was 6 mm width, 10 cm length and 30 µm thickness. The amorphous state was confirmed by an XRD study. In order to evaluate the primary crystallization temperature the thermal variation of electrical resistivity was measured by the four probe technique by passing 5 mA of current. The samples were heated from room temperature to 1000 K at a constant rate of 10 K min −1 in an argon atmosphere. Coercivity was calculated from the hysteresis loop measured in a quasi-dc magnetic field. The magneto-impedance was measured by the four probe technique where the driving field was generated by passing an ac current (I ac ) of amplitude 5 mA at frequency 4 MHz. The current was kept constant throughout the experiment by adjusting the voltage level of the source. A spectrum analyser (Agilent-4401B) was used to measure the voltage across the voltage probe. A Helmholtz coil was used to apply a dc magnetic field parallel to the axis of the sample. The GMI ratio has been calculated from the first harmonic signal using the relation
where H max = 10 kA m −1 , the maximum dc applied field. The sample was annealed at different temperatures for 15 min in argon atmosphere using a temperature programmer. The heating rate was 20 K min −1 . TEM micrographs were taken using a Philips CM-200 for 4 and 6 at.% Fe when annealed close to their crystallization temperature.
Results
The electrical resistivity at room temperature of various measured alloys is shown in table 1. The thermal variation of electrical resistivity of the ribbon is shown in figure 1 . The results are plotted after normalizing with the room temperature value of as-cast samples. Near the primary crystallization temperature (T x1 ) all the alloys exhibited a drastic change in electrical resistivity. At T x1 , except for the 6 at.% Fe alloy, a characteristic drop in resistivity is observed which is due to the transformation of amorphous to the crystalline state. However, in the alloy containing 6 at.% of Fe, there was a sharp increase in the resistivity on crystallization, a phenomenon reported for the formation of nanocrystalline particles during the crystallization process [8] . Resistivity again decreased at the second crystallization temperature T x2 . TEM micrographs for the samples with 4 at.% Fe (annealed at 725 K) and 6 at.% Fe (annealed at 750 and 825 K) are shown in figure 2. TEM micrographs for both the alloys showed the formation of a nanocrystalline structure of the materials when annealed close to crystallization temperature.
Annealing dependence of the coercivity for the alloys is shown in figure 3 . The initial decrease of the coercivity is due to the relaxation of internal stress produced during preparation by rapid solidification techniques. However, deterioration in soft magnetic properties was observed below the primary crystallization temperature primarily due to the formation of directional ordering [9] .
The field dependence of GMI behaviour of Co 71−X Fe X Cr 7 alloys with different Fe content and in their as-received states is shown in figure 4 . Two-peak behaviour in field dependence of GMI characteristics was observed for all the measured samples. The maximum of the GMI ratio (GMI max ) as well as the dc field (H k ) at which the maximum occurred were also dependent on the Fe concentration and annealing temperature of the alloy. Figure 5 shows the dependence of the maximum GMI ratio (GMI max ) with the Fe content for as-cast as well as annealed samples. The maximum of the GMI ratio (GMI max ) was observed to be 5% for the alloy in its as-cast state when Fe was not added to the system. It increased with the Fe content and became 12% for the 4 at.% Fe alloy. However, this increase was not monotonic and successive decrease in GMI max was observed in the as-cast state of the alloy with Fe content more than 4 at.%. The change of magnetostriction with the addition of Fe [10] was the cause of such change in the GMI ratio. GMI max changed after annealing the alloys at different temperatures. Significant enhancement was observed when the materials were annealed at 573 and 623 K. GMI max decreased considerably when annealed at 673 K for the alloys with Fe content less then 4 at.%. However, further enhancement in GMI max was observed in alloys with Fe contents of 4 at.% and above when annealed at 673 K. The maximum of GMI max found in the present study was 62% for the alloy with 4 at.% Fe when annealed at 673 K. Due to limitations in obtaining a constant current of 5 mA in the present experimental set-up, investigations on samples annealed at higher temperature were not carried out.
The transverse anisotropy field (H k ) can be represented as the magnetic field where the GMI ratio becomes maximum. The dependence of the anisotropy field on the Fe-content of the sample at the three measured annealing temperatures is shown in figure 6 together with the as-cast sample. The H k value was found to depend on the Fe-content in the alloys and became lowest for 4 at.% Fe with H k = 86 A m −1 . After annealing at 573 K, the H k value reduced for all the measured alloys except for 12 at.% Fe. The transverse anisotropy field (H k ) is the external field where the GMI ratio becomes maximum (GMI max ) [11] . As the Fe content increases from 3.2 to 4 at.%, the H k value decreases very sharply; however we can see that the GMI max increases. This variation means that the magnetic softness of the alloy in the transverse direction increases with Fe content.
After further annealing at 623 K, the anisotropy field decreased for all the measured alloys. However, after annealing at 673 K, the alloys with Fe content less than 4 at.% exhibited an increase in the anisotropy energy. The minimum value of H k was found to be 28 A m −1 in the 4 at.% Fe alloy when annealed at 673 K.
The field sensitivity (η) can be derived from the slope of the variation of the GMI ratio with the external dc magnetic field in the vicinity of the zero magnetic field and calculated as
The dependence of field sensitivity on the Fe content is shown in figure 7 . The sample with an Fe content of 4 at.% showed excellent field sensitivity. Field sensitivity increased with the annealing temperature. The maximum field sensitivity (0.75% per A m −1 ) was observed for the sample with 4 at.% Fe when annealed at 673 K.
Discussion
When an ac current of amplitude I ac passes through the ribbon, a transverse magnetic field of strength H T (= 2πI ac /w, where w = width of ribbon) is produced perpendicular to the ribbon axis. This time-varying magnetic field changes the transverse components of the magnetization and induces a voltage, which is proportional to the transverse permeability of the material and is strongly dependent on the anisotropy of the system. The effective magnetic field on the ribbon changes when an additional dc field is applied along the ribbon axis. As a result a transverse component of magnetization and the transverse permeability change resulting in a large change in the magnetoinductive effect, the so called GMI effect. The cross section of the ribbon through which the ac driving current flows is reduced due to the generation of an eddy current. At high frequency, which in the case of the present study is 4 MHz, the domain wall movement is highly damped by the eddy current and magnetization rotation contributes mainly to the transverse magnetic permeability. At such a high frequency the impedance of the sample can be expressed [12] as relationship to the composition of the materials through their saturation magnetostriction (λ s ) values. The alloy with low or nearly zero λ s shows large transverse permeability and hence the response of the impedance in the presence of the magnetic field is high for that alloy [13] . The Co-based amorphous alloy has negative saturation magnetostriction value.
An addition of some Fe in Co-based alloys changes the magnetostriction value from negative towards the positive side. In the present case the magnetostriction value changed from −0.8 × 10 −6 for 0 at.% to +4.0 × 10 −6 for 12% Fe [7] . Thus there will be a cross-over of the magnetostriction value from negative to positive with the Fe content in the studied alloys. The maximum value of the GMI ratio in the Co 67 Fe 4 Cr 7 Si 8 B 14 alloy indicates that the alloy has high permeability and a very low magnetostriction constant. Relaxation of internal stress after the initial stage of annealing reduced the magnetoelastic anisotropy which enhanced the permeabilty of the materials and hence the GMI ratio increased after annealing up to 623 K for all the measured alloys. After further annealing at 673 K which was below the crystallization temperature, directional ordering took place in some of the measured alloys which deteriorated the soft magnetic properties, as seen from the coercivity measurement ( figure 3 ). The directional ordering in such alloys reduced the transverse permeability of the materials and hence the GMI ratio decreased for the alloys containing 0, 2, 3.2 and 12 at.%. However, GMI properties were further enhanced after annealing at 673 K for the alloys with 4, 6 and 8 at.% Fe. In these alloys, after annealing at 673 K deterioration in coercivity was not observed (figure 2) indicating that the directional ordering, if any, was not affecting their soft magnetic properties. Moreover, resistivity data ( figure 1) showed that the alloy with 6 at.% Fe has the tendency to crystallize into nanostructure. Such nanostructure was observed in the TEM micrographs for the alloys with 4 and 6 at.% Fe when annealed close to the crystallization temperature as shown in figure 2 . Although the annealing temperature (673 K) of the alloy was lower than the crystallization temperature, the formation of nanoparticles changed the magnetostriction constant towards a lower value resulting in the enhancement of the permeability of the materials. The low magnetostriction reduced the anisotropy field which was also observed in figure 6 . The reduction in the magnetostriction value would continue up to a critical concentration of nanoparticles. Due to reduction in the magnetostriction constant the GMI ratio for 4, 6 and 8 at.% Fe was enhanced after annealing at 673 K. After further annealing the magnetostriction constant would be reduced further which would enhance the magneto-impedance value. However, in the present experimental set-up it was difficult to draw a 5 mA constant driving current for the alloys with 4, 6 and 8 at.% Fe when annealed at 725 K indicating that the magnetoimpedance value of the above annealed sample was higher. As constant current was not obtained from the source further experiments were not carried out as the magneto-impedance is dependent on the driving current [14, 15] . The transverse anisotropy field (H k ) is defined as the external field where the GMI ratio becomes maximum (GMI Max ) [15] . As the Fe content increases from 3.2 to 4 at.%, the H k value decreases very sharply; however we can see that the GMI max increases. This variation means that the magnetic softness of the alloy in the transverse direction increases with Fe content.
Conclusion
The GMI properties of melt spun Co 71−X Fe X Cr 7 Si 8 B 14 (X = 0, 2, 3.2, 4, 6, 8 and 12 at.%) ribbons was studied. Crystallization behaviour and temperature dependence of the soft magnetic properties were evaluated. The alloy with a composition of 4% Fe had a maximum GMI ratio of about 62% when annealed at 673 K. There is scope for further enhancement of the GMI ratio by annealing at a higher temperature for the alloys containing 4, 6 and 8 at.% Fe. The superior GMI behaviour was due to the formation of nanoparticles which reduced the magnetostriction constant and hence the anisotropy field. The sensitivity of the materials was also enhanced by suitable annealing. The sample showed maximum field sensitivity (0.749% per A m −1 at 673 K. The anisotropy field, H k , also changes with respect to the annealing temperature. The alloy with 4% Fe showed the minimum value of H k at 673 K. Results suggested that variation in the GMI properties of the present alloys depended on the composition and the annealing treatment.
